We sought to validate a new noninvasive technique to determine central venous pressure (CVP) using highresolution compression sonography.
Central venous pressure (CVP) measurement is essential for monitoring hemodynamics in critically ill patients and during surgery to estimate cardiac preload and circulating blood volume. Clinical estimation of CVP has proven unreliable compared with measurement using a catheter (1) . The current standard technique for measurement of CVP is invasive, requiring insertion of a catheter into a subclavian or internal jugular vein, with potential complications (2) . A quick and reliable tool for monitoring CVP without need of central venous access would be helpful. Recently published studies have shown good correlation between peripheral venous pressure (PVP) and CVP, which allowed accurate assessment of CVP under a variety of conditions (3) (4) (5) .
We report on a new tool for noninvasive venous pressure measurement using high-resolution ultrasound imaging combined with a translucent pressure manometer. The controlled compression sonography was applied at the forearm, and results were compared with the gold standard of invasive venous pressure measurement in both healthy subjects and patients from an intensive care unit (ICU).
In a first phase, we performed a proof of concept study in healthy subjects to show that: 1) PVP can be measured with the ultrasound system; and 2) induced changes in venous pressure can be reliably documented. In a second phase we applied the system to ICU patients to test feasibility and accuracy for measuring CVP by the ultrasound system using peripheral forearm veins either at heart level or below.
Methods
Description of the system. Ultrasound imaging was performed by 2 experienced investigators (C.T. and M.A.) using a HDI 5000 duplex device (Philips, Best, the Netherlands) with a 5-to 12-MHz transducer (SonoCT, XRes, Philips). A pressure manometer (PPM0310, Baumann, Muensingen, Switzerland) was attached to the transducer (Fig. 1A) . The manometer consists of a translucent silicon membrane (MVQ, Angst and Pfister AG, Zurich, Switzerland) connected to a pressure meter (Bourdon Haenni AG, Jegenstorf, Switzerland) with flexible pressure tubing. After applying ultrasound transmission gel, the transducer with the pressure meter was placed on the skin with minimal pressure. The vein had to be easily compressible and without post-phlebitic changes. After zero adjustment, slowly increasing pressure was applied by the transducer until complete compression of the vein (Fig. 1B) . The pressure at that collapse point corresponds to the intravasal venous pressure. Healthy subjects. The system was tested in the cephalic vein at the right forearm. Noninvasive PVP (PVPn) was measured in a model with induced venous hypertension and compared with measurement by invasive PVP (PVPi). Ten healthy volunteers (5 women, 5 men), ages 23 to 59 years (median 33 years) without cardiovascular risk factors were included. All volunteers had normal blood pressure (122 Ϯ 12/75 Ϯ 9 mm Hg) and heart rate (73 Ϯ 10 beats/min); mean body mass index (BMI) was 20.0 Ϯ 2.4 kg/m 2 . The study was performed in a quiet and temperature-controlled room. The volunteers were placed in a comfortable supine position with a slightly elevated chest and were breathing regularly. Venous puncture site was localized on the average 20 cm below the level of the right atrium. The PVP measurements were done after a resting period of 15 min. ICU patients. A total of 58 patients treated in the ICU were consecutively screened for eligibility. A continuous cardiovascular monitoring with CVP measurement was clinically indicated. Exclusion criteria for the study were: not compressible, not visible, or extremely thin (Ͻ0.5-mm diameter) superficial veins (n ϭ 7); refused informed consent (n ϭ 0); agitation (n ϭ 1); and known thrombosis of the upper extremity (n ϭ 0). Fifty patients were finally included; demographics are presented in Patients Characteristics (Fig. 2) . Linear regression analysis showed a significant positive correlation between PVPi and PVPn (r ϭ 0.95; p Ͻ 0.001) (Fig. 3A) . (Fig. 4A ). The mean difference of CVP and PVPn was negligible (Ϫ0.1 Ϯ 3.5 cm H 2 O, range Ϫ10.3 to 6.2 cm H 2 O). The Bland-Altman plot shows the differences between CVP and PVPn data plotted against their mean (Fig.  4B) . The influence of training and routine is documented in Table 2 , in which the results of the first 29 patients are compared with the second part of the patient population. Agreement increased from 67% to 95% in the course of the study ( (Fig. 5A ). The mean difference of CVP and PVPn was negligible (Ϫ0.7 Ϯ 3.4 cm H 2 O, range Ϫ8.7 to 8.7 cm H 2 O). The Bland-Altman plot shows the differences between CVP and PVPn data plotted against their mean (Fig. 5B) . Agreement of CVP and PVPn increased from 59% to 100% in the course of the study with decreasing range and standard deviation (Table 3) , resulting in a increase of the correlation coefficient.
Discussion
A novel noninvasive method using controlled compression sonography was proven to measure PVP and CVP in a simple, reliable, and reproducible manner. The important finding of this study was a strong correlation of PVPn to PVPi in experimental venous hypertension with a wide range of venous pressure between 10 and 70 cm H 2 O. Furthermore, high interobserver agreement showed the excellent reliability of the system. 
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Noninvasive CVP Measurement Accuracy in predicting CVP by examination of the internal jugular vein in critically ill patients is poor. The correlation coefficient of bedside examination versus catheter values ranges from 0.65 to 0.74 with a moderate interobserver agreement (kappa statistics 0.30 to 0.65 [1] ).
Recently published studies showed a good correlation between invasively measured PVP and CVP in different groups of patients under various conditions (3) (4) (5) . The mean difference between CVP and PVPi in those studies ranged from Ϫ1.6 mm Hg up to Ϫ5 mm Hg, with a high degree of correlation (r ϭ 0.82) in two studies (3, 5) . Our own work provides even stronger data, leading to our conclusion that at least in our setting, the noninvasive system measures CVP as accurately as with a central venous catheter.
The CVP measurement was reliable independent of the position of the forearm in relation to the level of the right atrium. Because elevation of the forearm is superfluous, measurement of CVP in clinical practice might be simpli- Below Heart Level Measurements Heart Level Measurements fied. The level difference of the measuring point to the right atrium needs only to be subtracted from the pressure value measured at below heart level. Study limitations. Seven patients had inadequate veins, not uncommon in critically ill patients as a result of multiple venous puncture, and were excluded, with a resultant preservation of feasibility in 86% of all screened patients. The presence of a subclavian or central vein thrombosis could cause a false high peripheral measurement and must be considered in advance. Peripheral measurement may overestimate CVP, an underestimation of the CVP with the system, however, is unlikely. Therefore, a low or normal peripheral pressure is considered to exclude a clinically relevant elevated CVP.
The mean diameter of the examined vein in ICU patients was 2.2 mm, with the lowest diameter of only 0.5 mm, which was still accessible for examination, resulting in accurate measurement. Subcutaneous fatty tissue and depth of the vein under the skin may influence measurements in superficial veins. Our observation was that the selected vein was located in a depth of Ͻ10 mm in all subjects, and the quality of visualization of the vein was not dependent on the BMI. This was notably not only the case in the healthy population with a low normal BMI, but also in patients with a higher BMI.
Because of quality loss of the B-mode image through the silicone membrane, high-end ultrasound equipment is needed for adequate imaging of the vessel wall. A highfrequency ultrasound transducer to visualize superficial veins is essential and may not be available on every ICU. Technical advances, however, may provide portable ultrasound devices with adequate ultrasound transducers for emergency application (7) .
Finally, measurements were made by 2 experienced vascular sonographers (C.T. and M.A.). This expertise notwithstanding, a learning curve effect emerged and was reflected in the 95% to 100% congruence rate of the investigators' data for the final 20 subjects. Training in our technique includes handling of the ultrasound system, optimizing imaging quality, selection of adequate vein segments, and obtaining experience to assess the point of collapse of the vein under examination. Although the learning curve phenomenon is well known during implementation of novel methodology, our experience in this regard was significant and underscores the necessity for method-specific training of medical personnel before use of our procedure.
Noninvasive measurement by controlled compression sonography may not be suitable for continuous monitoring of critically ill patients. It does, however, present an attractive alternative for assessment of emergency room patients when reliable estimation of CVP is desirable and an invasive technique is less than optimal.
Conclusions
A reliable noninvasive system for measuring PVP and CVP is presented. Controlled compression sonography is a valuable tool for measuring venous pressure in superficial peripheral veins and allows indirect measurement of CVP without the use of intravenous catheterization.
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